In contrast to the great number of reports dealing with comparative DNA analyses of Eulipotyphla, molecular cytogenetic data are only available for the common shrew, Sorex araneus (Dixkens et al., 1998) . Zoo-FISH using human probes revealed that less than half of the ancestral segment combinations of Boreo-Eutherians (Froenicke, 2005) are conserved in this species (Dixkens et al., 1998) . S. araneus showed shared ancestral syntenic association of human chromosomes 14-15, 3-21 and 16-19, whereas associations 4-8, 7-16 and 12-22 were not observed.
half of which were previously not described for Eulipotyphla. The karyotype of the European mole acquired a minimum of 19 translocations and six inversions compared to the presumed Boreo-Eutherian ancestor. Copyright © 2006 S. Karger AG, Basel The European mole, belonging to the family Talpidae, was formerly classified as a member of the order Insectivora, together with Soricidae (shrews), Tenrecidae (tenrecs), Solenodontidae (solenodons), Erinaceidae (hedgehogs and gymnures) and Chrysochloridae (golden moles) (MacPhee and Novacek, 1993) . This order, however, has been shown to be a polyphyletic clade by DNA analyses (for references see Douady et al., 2004) . After removing Afrosoricida, i.e. Chrysochloridae and Tenrecidae, from the Insectivora, a taxon called Eulipotyphla remained. Mitochondrial and nuclear gene analyses of Erinaceidae, Soricidae and Talpidae point to the monophyly of Eulipotyphla (Douady et al., 2002; Nikaido et al., 2003) . According to these analyses, Eulipotyphla is the basal group of Laurasiatheria, the group further comprising Cetartiodactyla, Perissodactyla, Carnivora, Pholidota and Chiroptera (reviewed by Murphy et al., 2004) . 
Materials and methods
Fibroblast cultures were established from lung tissue of a deceased female mole (Talpa europaea) from North-Eastern Germany (Magdeburg). Chromosome preparation and GTG-banding were done according to standard procedures. Cross-species chromosome painting (Zoo-FISH) with human whole chromosome paint probes (WCPs) was essentially performed as described before (Müller et al., 1999) . Briefly, human WCPs were amplified and labeled by DOP-PCR (Telenius et al., 1992) in the presence of biotin-dUTP, digoxigenin-dUTP (Roche) or Tamra-dUTP (formerly available from Applied Biosystems/PE). Two or three differentially labeled paint probes (each 0.5-1 g) were pooled per FISH experiment, mixed with 20 g human Cot-1 DNA and hybridized to T. europaea metaphase preparations for 72 h. Post-hybridization washes included 3 ! 5 min 2 ! SSC at 37 ° C. Biotinylated probes were detected with avidin-Cy5 (Jackson Immuno Research), digoxigeninlabeled probes with sheep-anti-digoxigenin-FITC antibody (Roche). Chromosomes were counterstained with DAPI. Metaphase images were captured with a cooled CCD camera (Photometrics C250/A equipped with a KAF1400 chip, Kodak) coupled to a Zeiss Axiophot microscope. Camera control and digital image acquisition was performed using SmartCapture VP software (Digital Scientific, Cambridge, UK).
Results
The karyotype of Talpa europaea (TEU) with 2n = 34 and FN = 64 consists of 14 large to small meta-or submetacentric and two subtelocentric autosomal pairs. The X chromosome is a medium-sized metacentric. On the short arm of TEU8 a secondary constriction is found, which has been proven to bear an active NOR by Zima (1983) . CBG-banding revealed only constitutive heterochromatin in centromeric regions (data not shown). The GTG-banding pattern is very similar to that previously described for Talpa europaea , subspecies kratochvili (Zima, 1983) . It is shown in Fig. 2 together with the assignment of all hybridization signals obtained with human chromosome paint probes.
Zoo-FISH with human (HSA) WCPs to T. europaea metaphase chromosomes yielded reproducible results for all probes except for the Y. Representative FISH experiments are illustrated in Fig. 1 . Altogether, the 22 human autosomes are conserved in 54 segments in T. europaea . HSA6, 9, 13, 14, 17, 18, 20, 21 and X probes detected homologous segments on single T. europaea chromosomes. Only the HSA6 homologue is evolutionarily conserved as a separate chromosome in the European mole. The HSA6 synteny is however disrupted by an unpainted segment located on the proximal part of the short arm (see below). For human WCPs 2, 3, 7, 10, 12, 15, 16 and 19 , hybridization signals were found on two mole chromosomes. Human WCP 5, 8 and 22 hybridized to three different T. europaea chromosomes, WCP 1 and 4 to four T. europaea chromosomes. In addition, human chromosomes 1, 3, 5, 16 and 19 showed homology to more than one segment of T. europaea chromosomes 3, 8, 11 and 16, indicating that these chromosomes are involved in intra-chromosomal rearrangements. Three Talpa chromosomes, TEU10, 11 and 14, bear segments homologous to five different human chromosomes. The highest number of segments per mole chromosome was found in TEU8, being composed of seven segments homologous to only two human chromosomes, i.e. 1 and 5 ( Fig. 2 ) . Certain segments of the Talpa europaea karyotype did not hybridize to any of the human paint probes ( Fig. 2 ) . Pericentromeric regions of chromosomes 1, 3, 4, 6, 10 and 14, the proximal part of the short arm of TEU1 and the entire short arm of TEU9 were lacking hybridization signals. Based on the knowledge of karyotype data from other members of Talpidae (Jimenez et al., 1984; Kawada et al., 2002) these segments may contain CBG-negative 'non-euchromatin' without homology to human sequences. DAPI staining revealed that these chromosome segments are not particularly AT-rich.
Discussion
The only member of Eulipotyphla for which cross-species chromosome painting data have been published up to now is Sorex araneus (Dixkens et al., 1998) . Comparing this data with the Zoo-FISH results on Talpa europaea presented here, derived associations of human homologous segments 3-8 ( S. araneus chromosome 3q and TEU3) and 7-8 ( S. araneus chromosome 1q and TEU4) were found in both species. TEU3 (association of human 4-3-8-3-21), however, is most probably the product of a fission of the ancestral Boreo-Eutherian chromosome 4-8p-4 homologue (Froenicke, 2005, see below), followed by fusion with the 3-21 homologue and an inversion, while in S. araneus 1q association of human chromosome 3-8q homologues is found. Conversely, human 8q-7 homologues formed TEU4 while in the distal part of S. araneus chromosome 1 human 8p-7 homologues are in syntenic association. In summary, associations of 7-8 and 3-8 should have formed independently in both species, hence are of different evolutionary origin and provide no phylogenetic link between Sorex and Talpa .
Shared derived syntenic association of human 8-13 homologous segments, which is present both in the common shrew and in bats may represent a phylogenetic link of Eulipotyphla with its sister clade Chiroptera (Volleth et al., 2002) . In the European mole, however, this syntenic association was not observed. At present, it cannot be determined whether this association has been secondarily lost in the mole or if it is a convergent trait of bats and the common shrew.
Concerning segment combinations proposed as ancestral for all Boreo-Eutheria (Froenicke, 2005 for recent review), three out of seven have been found in Sorex : association of homologues to human chromosome 3-21, 14-15 and 16-19. Our results show that these syntenic associations are also present in the European mole. Moreover, the ancestral Boreo-Eutherian associations 4-8 and 7-16 are present in T. europaea and hence in the karyotype of the putative ancestral Eulipotyphla. The remaining two ancestral BoreoEutherian associations contain homologous sequences to human chromosomes 12-22 (twice). Both are also present in the European mole, one of it in combination with a segment homologous to human chromosome 10. The association 10-12-22 is also present in some other Boreo-Eutherians (Froenicke, 2005 and references therein). On TEU14, however, the smaller 12-22 homologous segment, and not the larger 12-22 element as in the other species investigated, is found together with HSA10 homologous sequences. The segment combination 10-12-22 present on European mole chromosome 14 may therefore either be the result of a species-specific fusion. Alternatively, it could be speculated that this segment combination may represent a state that is very close to the ancestral condition of Eutheria, when further considering observations on chromosome 4 of the golden mole ( Chrysochloris asiaticus , Afrotheria) (Robinson et al., 2004) . Chrysochloris chromosome 4 consists of homologous sequences to human chromosomes 10p, 12pq, 22qter in the long arm and 22qprox and 12qter in the short arm (Robinson et al., 2004) . Supposing this chromosome form as ancestral, a centric fission would create the 10p-12pq-22qter element found in carnivores and Afrotheria. The situation found in the mole could be interpreted as the result of a pericentric inversion of the 10p segment and subsequent centric fission, followed by additional rearrangements.
Despite the evolutionary conservation of the above-mentioned ancestral Boreo-Eutherian chromosome forms, the karyotype of the European mole is clearly derived. It differs from the proposed ancestral Boreo-Eutherian karyotype by at least 19 translocations and six inversions. At present all chromosomal characters found in the mole have to be considered as autapomorphic traits.
By conclusion, these experiments provided answers to a number of open questions concerning the presence of shared ancestral Boreo-Eutherian chromosome forms in Eulipotyphla. Moreover, our results further substantiate the validity of the recently reconstructed ancestral Boreo-Eutherian karyotype with 2n = 46 chromosomes (Froenicke, 2005) . We expect that further Zoo-FISH studies of shrews and hedgehogs will be important complementary tools to current comparative DNA analyses in the effort to shed light on Eulipotyphla phylogenomic relationships.
